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MICROSTRUCTURE AND ANTIMICROBIAL FUNCTIONALITY  
OF NANO-ENHANCED PROTEIN-BASED BIOPOLYMERS 
D. M. Kadam,  C. Wang,  S. Wang,  D. Grewell,  B. Lamsal,  C. Yu 
ABSTRACT. Whey protein isolates (WPI) and corn zein protein (CZP) films, embedded with porous silica-coated titanium 
nano-enhancers (TiO2@@SiO2), were prepared and exhibited enhanced antimicrobial functionality. Protein solutions at 
5% WPI and 13.5% CZP were amended with 1.5% w/w of TiO2@@SiO2 nano-enhancers and subjected to sonication at 0, 
16, 80, and 160 μm amplitude prior to casting into films. The effects of sonication on nano-enhancer distribution and the 
structure and morphology of the resulting films were elucidated by transmission electron microscope (TEM). The surface 
structure of the films was altered by the presence of nano-enhancers. The nano-enhanced biopolymer films exhibited an-
timicrobial functionality under sunlight by effectively inhibiting bacterial growth. The nano-enhanced biopolymers can 
potentially be used to make active antimicrobial surface coatings or packaging films to inhibit or slow down microbial 
growth during storage. 
Keywords. Antimicrobial functionality, Ultraviolet (UV) light, Protein films, Sonication, Nano-enhancers. 
nterest in biopolymers for food packaging and surface 
coatings has increased over the past decades due to 
rising public environmental awareness. Packaging 
materials produced from renewable resources (i.e., 
plants or animals) are biodegradable after disposal. Novel 
properties of bio-based materials are being harnessed to 
create edible and biodegradable films and surface coatings 
with desirable functionalities (e.g., antimicrobial). For in-
stance, biopolymer films and surface coatings can be pre-
pared from various proteins such as casein, collagen, corn 
zein, gelatin, soy proteins, wheat gluten, and other food 
proteins (Brandenburg et al., 1993; Krochta, 2002). Apart 
from acting as selective barriers for moisture, gas, and so-
lute migration, biopolymer films can act as carriers of many 
functional ingredients such as antimicrobials, antioxidants, 
and scavengers to prevent food spoilage and increase food 
safety. However, certain limitations in barrier properties 
(e.g., gas and moisture permeability) and mechanical 
strength and cost (Azizi Samir et al., 2005; Dalmas et al., 
2007; Sorrentino et al., 2007) still pose obstacles to the 
wide application of biopolymers. Many biopolymer films 
possess either good barrier properties or good mechanical 
strength, but not both (Koelsch, 1994; Krochta et al., 1994; 
Krochta, 2002; Cha and Chinnan, 2004; Pallas-Brindle and 
Krochta, 2008), mostly due to their hydrophilic characteris-
tics. However, these properties can be enhanced by incor-
porating fillers, such as nanoclays, metal and metal oxide 
nanoparticles, and carbon nanofibers and nanotubes. 
Zein is one of the best-understood plant proteins, abun-
dant in corn gluten meal, and an underutilized by-product 
of the corn wet-milling industry (Momany et al., 2006). 
Corn zein is a good barrier to water vapor and is water in-
soluble (Özçalik, 2010). However, corn zein films can be 
brittle, especially at low water activity, and their mechani-
cal properties are significantly affected by moisture. The 
brittleness of corn zein films can be overcome by addition 
of plasticizers such as glycerol and polyethylene glycol 
(PEG), which also improve the processing ability of corn 
zein (Gao et al., 2006; Hernandez and Krochta, 2008; 
Özçalik, 2010; Luecha, 2012). Nonetheless, obtaining zein 
films with sufficient mechanical strength is not easy, alt-
hough nano-enhancers can be used to enhance the mechan-
ical properties of corn zein films. 
Another biopolymer researched for film application is 
whey protein isolate (WPI), a by-product of the cheese-
making industry that has been reported to produce films 
with desirable mechanical properties (Mulvihill and En-
nis, 2003). However, the low tensile strength and high 
water vapor permeability of WPI films limit their applica-
tions in food-related packaging. Nanofillers (e.g., 
nanoclays) have been used to strengthen whey protein 
polymer matrices (Zhao et al., 2008). In an earlier report, 
we demonstrated that the mechanical properties of WPI 
and corn zein films could be improved by using porous 
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silica (SiO2) coated titania (TiO2) nanoparticles as nano-
enhancers (TiO2@@SiO2) (Kadam et al., 2013). 
Biopolymer films could impart various functionalities, 
including antimicrobial, when suitable additives are incor-
porated into their matrices. Packaging films and coatings 
with antimicrobial functionality were proposed as an effec-
tive method for controlling microbial contamination of fin-
ished foods (Debeaufort et al., 1998). The TiO2@@SiO2 
titanium dioxide nano-enhancers exhibit antimicrobial 
properties under UV light due to the photocatalytic activity 
of the TiO2 nanoparticles, which can provide protection 
against foodborne microorganisms. The photocatalytic ac-
tivity of the TiO2@@SiO2 nano-enhancers is also effective 
in minimizing odor and staining development under UV 
light (Rajh et al., 1999; Zhou et al., 2009). Incorporating 
TiO2@@SiO2 nano-enhancers into biopolymer matrices 
may impart antimicrobial functionality to the films and 
coatings made from these biopolymers, in addition to im-
proving their mechanical strength. 
Previously, we reported that TiO2@@SiO2 nano-
enhancers could be dispersed uniformly in biopolymer ma-
trixes (Kadam et al., 2013) by sonication to improve the 
mechanical strength of the resulting biopolymer films. In 
this study, we characterized the microstructures of the pre-
pared films as affected by sonication levels, and investigat-
ed the antimicrobial functionality of TiO2@@SiO2 nano-
enhanced biopolymers using E. coli as a model organism. 
MATERIAL AND METHODS 
Porous silica (SiO2) coated titania (TiO2) nanoparticles 
(particle size between 100 and 180 nm) were fabricated 
following a previously reported procedure (Wang et al., 
2008). Briefly, TiO2 nanoparticles were coated with glu-
cose (i.e., carbon) to form a particle complex denoted as 
C@TiO2. The C@TiO2 particles were then coated with a 
layer of silica via a sol-gel method to form SiO2@C@TiO2. 
Finally, the SiO2@C@TiO2 nanoparticles were calcined at 
an elevated temperature (~773 K for 3 h) to remove the 
interior carbon layer and create pores on the outer layer to 
yield nanovoid core/shell nanoparticles denoted as 
SiO2@@TiO2. 
TiO2 nanoparticles can catalyze oxidation of a substrate 
through both direct electron transfer (DET) and generation 
of highly reactive radicals (OH and O2 species) out of 
water and oxygen. If TiO2 nanoparticles are used directly in 
a biopolymer, both pathways will be at work, which usually 
leads to quite rapid degradation of the biopolymer film (in 
less than 24 h). In order to make the biopolymer film stable 
for a relatively long period of time, we have to prevent di-
rect contact between the TiO2 nanoparticle and the biopol-
ymer matrix. By using the porous coating, the DET path-
way is shut down. Water and oxygen molecules can still 
pass through the pores to get “activated” and diffuse back out 
into the environment to impart the antimicrobial functionali-
ty. Under this condition, the biopolymer film itself is not 
degraded over a long period of time (>2 weeks of shelf life). 
In addition, the core/shell nanoparticles help enhance the 
tensile strength of the biopolymer film (Kadam et al., 2013). 
The CZP was purchased from Sigma Chemicals (Prod-
uct No. Z3625, St. Louis, Mo.) with a protein content of 
>90%. The WPI was purchased from Pure Bulk (Roseburg, 
Ore.) with a protein content of 86%. Ethanol (200 proof) 
and deionized and distilled (DD) water were used to pre-
pare CZP and WPI samples, respectively. All other rea-
gents were of analytical grade. 
BIOPOLYMER FILM PREPARATION 
The CZP films were prepared following Weller et al. 
(1998): 13.5% (w/w) CZP, 3.7% (w/w) glycerol, and 3.3% 
(w/w) polyethylene glycol 600 as plasticizing agent were 
mixed in 79.5% w/w aqueous ethanol (19:1 ethanol to wa-
ter ratio) with continuous stirring while heated at 62°C 
±2°C for 15 min in a water bath, and then rapidly cooled in 
an ice bath to room temperature. The WPI films were pre-
pared following Kim and Ustunol (2001): 5% (w/w) WPI 
and 5% (w/w) glycerol as plasticizing agent were dissolved 
in DD water (90% w/w) under continuous stirring and heat-
ing (90°C ±2°C) for 30 min in a water bath, and then 
cooled (Kadam et al., 2013). In both cases, solution pH was 
adjusted to 8.0 with 2 M NaOH. Filtered solutions of WPI 
and unfiltered solutions of CZP were subjected to soni-
cation at 0, 16, 80, and 160 μm amplitude with or without 
1.5% (w/w) of TiO2@@SiO2 nanoparticles incorporated 
(just prior to sonication). Solution samples (15 g) were cast 
on sterile 100 mm diameter × 15 mm polystyrene petri dish 
surfaces (Fisherbrand, Fisher Scientific, Waltham, Mass.) 
to form films upon drying. The CZP solution was dried at 
24°C ±1°C for 48 h at ambient condition, whereas the WPI 
solution was dried at 35°C ±1°C for 24 h in a hot-air dryer. 
The films were kept in a 50% ±2% relative humidity (RH) 
chamber for at least 24 h before they were peeled and test-
ed at room temperature (24°C ±1°C). 
LIGHT MICROSCOPY (LM AND STEREO) 
The CZP and WPI films were viewed and imaged under 
a polarized and phase-contrast compound light microscope 
(Axioplan 2, Carl Zeiss, Göttingen, Germany) with an Axi-
oCam MRC digital color camera operated using Axio-
Vision software (rel. 4.5). Stereo and dissecting micro-
scopes, including an Olympus SZH-10 stereomicroscope 
with an AxioCam HRC digital camera, were used for mac-
ro-imaging. 
TRANSMISSION ELECTRON MICROSCOPY (TEM) 
The structure and morphology of biopolymer films with 
nano-enhancer were characterized using a transmission 
electron microscope (TEM) under 200 kV (JEOL 2000, 
Tokyo, Japan), and images were captured using a high-
resolution U-1000 digital camera. Samples of biopolymer 
films were cooled to between -70°C and -100°C. Ultrathin 
sections (~60 nm) were cut at -100°C with Diatome dia-
mond knives in a Leica ultramicrotome and imaged under 
the TEM. 
ANTIMICROBIAL FUNCTIONALITY OF TiO2@@SiO2  
NANO-ENHANCERS ON BACTERIAL CELLS 
The antimicrobial functionality of the TiO2@@SiO2 
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nano-enhancers was studied using E. coli (ATCC 3004) as 
model bacteria. The bacteria were first cultured by inocu-
lating one loop of bacterial cells in 20 mL of liquid Luria 
broth (LB) medium overnight. After collecting the cells by 
centrifugation at 180×g, 500 μL of phosphorous buffer 
saline (PBS, pH 7.4) was added to make a relatively dense 
liquid bacterial suspension, from which 300 μL was with-
drawn and added to 300 mL of LB media in a sterile shaker 
flask. The microbes were cultured for 7 h in a water bath 
shaker at 37°C to obtain a 108 CFU mL-1 bacterial concen-
tration, which was determined through plate counting. Cul-
ture samples with and without TiO2@@SiO2 nano-
enhancers (5 mg mL-1 concentration) were then subjected 
to irradiation treatments at 37°C by exposing them to a UV 
lamp (100 W power output, CE-25-4BL, American Ultra-
violet Co., Lebanon, Ind.) for various time periods (30 min, 
1 h, and 2 h). For comparison purposes, a separate set of 
culture samples (with and without nano-enhancers) was 
held under sunlight for 2 h (12:00 noon to 2:00 p.m.) to 
evaluate the antimicrobial activity of the nano-enhancers 
under sunlight. 
After each treatment, 10 μL of cell suspension was pi-
petted into sterile disposable borosilicate glass tubes (Fish-
erbrand) filled with 10 mL of LB broth medium and further 
cultured at 37°C for up to 24 h. Cells from each tube was 
collected and resuspended in PBS buffer to analyze the 
optical density (OD) at each set time point with a turbidity 
meter. All experiments were replicated five times, and the 
mean OD values were calculated and recorded. 
ANTIMICROBIAL FUNCTIONALITY OF NANO-ENHANCED  
BIOPOLYMER FILMS UNDER SUNLIGHT 
Nano-enhanced CZP films were used to demonstrate the 
antimicrobial functionality of biopolymer films exposed to 
sunlight. In a separate experimental setup, microbial cell 
suspension (50 mL of 103 CFU mL-1) was put in a petri 
dish, with a piece of the nano-enhanced CZP film (5 cm × 
5 cm) at the bottom of the petri dish. The petri dish was 
then put in a glass box with good ventilation and kept out-
side on a sunny summer day for 8 h. Four replicates were 
conducted. The ambient temperature throughout the day 
varied between 26°C and 34°C for the four days when ex-
periments were conducted. In parallel control experiments, 
another petri dish with the same amount of cell suspension 
was incubated with a similar size piece of CZP film that 
had no embedded nano-enhancers. Samples (1 mL) were 
extracted from each petri dish every hour to determine the 
cell counts by turbidity measurement. 
RESULTS AND DISCUSSION 
Representative images of WPI and CZP films are shown 
in figures 1 through 5. The protein-based films (CZP and 
WPI) were translucent and had a glossy surface on the bot-
tom and a dull surface on the top. The CZP and WPI films 
were both flexible, homogeneous, and without observable 
pores or cracks. The appearance of the side of the films that 
was in contact with the casting dish (i.e., the bottom side) 
was shiny for both the CZP and WPI films, while the top 
side was slightly dull and had ribbon-like structures. 
Changes in appearance were observed for films embedded 
with nano-enhancers at ultrasonication levels of 0, 16, 80, 
and 160 μm amplitude. 
MORPHOLOGY OF FILMS 
Images of WPI and CZP films under various processing 
conditions are show in figure 1. Figures 1a and 1b show 
WPI films without embedded nano-enhancers, figure 1c 
shows a CZP film without nano-enhancers in which ribbon-
like structures can be seen on the surface, and figure 1d 
shows a CZP film with nano-enhancers (TiO2@@SiO2) 
that had been sonicated at 160 μm amplitude. Differences 
in film morphology were investigated by compound light 
microscopy, compound stereo light microscopy, and TEM. 
The WPI film without nano-enhancers was transparent, 
smooth, and homogenous (figs. 1a and 1b). The WPI film 
containing 1.5% TiO2@@SiO2 was opaque with a cream-
white color. Some nano-enhancer agglomerates were con-
nected together, possibly by protein molecules, but the in-
dividual particles became indistinguishable. TiO2@@SiO2 
nanoparticles are prone to aggregation. Li et al. (2011) re-
ported that less than 0.25% of the TiO2@@SiO2 nanoparti-
cles scattered in the matrix and associated with the protein 
chains rather than self-aggregating. Microstructure net-
works consisting of fine-stranded and twisted worm-like 
chains have been reported in WPI films (Liverpool et al., 
1998). These chains were reported to have an interval of 
about 0.3 μm and a diameter of about 1 μm (Jiang et al., 
2010). Clark et al. (1981) and Langton and Hermansson 
(1992) reported these chains to be of β-sheets of the protein 
molecules. However, we did not observe chain-like struc-
tures in our WPI films. 
The micrographs of CZP films (figs. 1c and 1d) show 
protein fibrils embedded in a continuous matrix, arranged 
in ribbon-like entangled zein structures. Zein fibers similar 
to those shown in figure 1c were also observed by Lawton 
(1992), who related them to the development of viscoelas-
ticity in zein-starch doughs. Morphological studies of zein 
resin films (Huey-Min and Padua, 1997) suggest that zein 
particles merge with each other and form fibrillar structures 
after precipitation from ethanol solutions (Lai and Padua, 
1997). These fibrillar structures perhaps form the structural 
basis of the films. The non-uniformity of orientation might 
be related to stress gradients in the sample. Similar obser-
vations were made by Lai and Padua (1997) using SEM of 
zein films prepared from resins. Our observation of rod-like 
structures in CZP films with nano-enhancers is similar to 
that observed by Lai and Padua (1997). Some rods aggre-
gated into doughnut-like structures, while some dissociated 
protein globules were also observed (figs. 1c and 1d). Simi-
lar results were also reported by Guo et al. (2005) in zein 
using AFM. 
LIGHT MICROSCOPY (LM AND STEREO) 
Compound stereo light microscopy images of CZP films 
prepared under various conditions are shown in figure 2. 
The glossy bottom side of the films is thought to consist of 
zein deposited from the casting solution during the drying 
process. Uniform deposition of zein in cast films may ex-
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plain their surface gloss. Nano-enhanced CZP films with 
and without sonication show circular and rod type shapes, 
respectively, from the top surface (figs. 2a and 2b), whereas 
nano-enhancers can be seen distributed within the polymer 
matrixes from the bottom surface (figs. 2c and 2d). The α-
zein films were reported to contain irregularities or micro-
fractures on their surfaces, most likely due to protein dena-
turation. There appears to be little difference in the physical 
appearance of all the films prepared using different zein 
protein extraction procedures (Anderson et al., 2012). Zein 
has many sulfur-containing amino acids, which form strong 
intermolecular disulfide bonds; together with hydrophobic 
interactions between protein molecules, they constitute the 
molecular basis of film formation (Guo et al., 2005). 
The compound stereo light microscopy images of WPI 
films show smooth surfaces on the bottom surface and 
slight roughness on the top surface. A smooth surface was 
observed in nano-enhanced WPI with 160 μm sonication; 
however, one can clearly observe chunks of nano-
enhancers settled at the bottom of the WPI films (fig. 3). 
The WPI films were opaque with a cream-white color. 
COMPOUND LIGHT MICROSCOPY 
Cross-sections of CZP and WPI films were visualized 
by compound light microscopy and are presented in fig-
ure 4. CZP films produced without sonication had more 
voids (fig. 4a) than films produced with 100% sonication 
(i.e., 160 μm amplitude) (fig. 4b). Figures 4c and 4d clearly 
indicate that the distribution of nano-enhancers was much 
more uniform in sonicated samples than in unsonicated 
samples. Sonication at 160 μm amplitude helped in the 
formation of uniform WPI films (fig. 4e), but nano-
enhancers settled during casting and drying, which can be 
seen as a black layer at the bottom in WPI (fig. 4f). In gen-
eral, sonication helped to generate a uniform distribution of 
nano-enhancers in the protein film matrices. 
TRANSMISSION ELECTRON MICROSCOPY (TEM) 
TEM micrographs of WPI and CZP film cross-sections 
without nano-enhancers (figs. 5a and 5d) and with nano-
enhancers at 160 μm amplitude sonication (figs. 5b, 5c, 5e, 
and 5f) are shown in figure 5. The morphology of WPI 
without nano-enhancers appears to be plain and homogene-
ous, as the protein is expected to self-assemble into a regu-
lar chain-shaped structure at pH 8 (Jiang et al., 2010). The 
inherent structure of WPI may be completely relaxed in the 
thin films (~70 nm thickness) prepared by microtoming for 
TEM investigations. When nano-enhancers (TiO2@@SiO2) 
were incorporated into the polymer matrices, they appeared 
to agglomerate into clusters within the protein-rich phase, 
despite the presence of the SiO2 shield on the TiO2 nano-
particles. Such agglomerations are commonly observed in 
nanocomposites when the particle-particle interactions 
dominate the particle-matrix interactions. Sonication could 
reduce or overcome such particle-particle interactions, as 
observed in figures 5b, 5c, 5e, and 5f. Acoustic cavitations 
(a) (b) 
(c) (d) 
Figure 1. Images of WPI (top) and CZP (bottom) prepared and peeled dry films: (a and b) WPI films without embedded nano-enhancers, 
(c) CZP film without nano-enhancers having a ribbon surface, and (d) CZP films with nano-enhancers (TiO2@@SiO2) and sonicated at 160 μm.
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generate large shear forces (Chandrapala et al., 2011), 
which could have broken up the TiO2@@SiO2 clusters. 
Similarly, sonication may also lead to disruption of the 
intramolecular forces in proteins, which facilitates the uni-
form distribution of TiO2@@SiO2 nano-enhancers within 
the protein matrix, as shown in figure 5e for the WPI and 
TiO2@@SiO2 nanocomposite with sonication at 160 μm. 
Similar agglomeration of nano-enhancers was also ob-
served in nano-enhanced CZP films. 
Selected microscopy images of biopolymer film cross-
sections with and without nano-enhancers and sonication 
are shown in figure 5. The surface smoothness of zein films 
was altered by nano-enhancers and sonication; a fine distri-
bution of TiO2@@SiO2 nanoparticles was observed for 
nano-enhanced CZP and WPI films with sonication at 
160 μm (figs. 5c and 5f). The cross-sectional images of 
CZP and WPI films with sonication exhibited more uni-
form and compact structures (figs. 5b, 5c, 5e, and 5f) than 
the films without sonication (figs. 5a and 5d). Continuous 
film matrices were formed with both biopolymers without 
obvious cracks or breaks on the surface. The homogeneous 
matrices of the films are good indicators of their structural 
integrity and consequently their desirable physical proper-
ties (Mali et al., 2002; Hendrix et al., 2012). 
ANTIMICROBIAL FUNCTIONALITY OF NANO-ENHANCERS 
Figure 6 shows typical growth curves for E. coli cells 
under the influence of TiO2@@SiO2 nano-enhancers with 
30 min UV treatment and 2 h sunlight treatment. Without 
the presence of nano-enhancers, the low-dose UV exposure 
(30 min) and 2 h of sunlight did not significantly affect 
bacterial growth. Cell counts started to rise rapidly after 4 h 
of incubation, similar to the control (no UV or sunlight 
treatments; data not shown). However, the presence of 
nano-enhancers under sunlight for 2 h delayed the growth 
significantly; the cell count remained relatively low for the 
first 6 h, suggesting a longer lag phase (6 h) for cell recov-
ery, possibly due to damage to viable cells. For 30 min UV 
exposure, the lag phase was even longer in the presence of 
nano-enhancers; the rapid growth appeared only after 8 h. 
The maximum cell concentration was also lower during the 
stationary phase (plateau) with the nano-enhancers and 
(a) CZP NP (top) (b) CZP NP sonicated at 160 μm (top) 
(c) CZP NP (bottom) (d) CZP NP sonicated at 160 μm (bottom) 
Figure 2. Compound stereo light microscopy of CZP films from both sides: (a and c) CZP film with nanoparticles (top and bottom sides, respec-
tively); (b and d) CZP film with nanoparticles and sonicated at 160 μm (top and bottom sides, respectively). 
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UV/sunlight treatments. These observations confirm the 
effective antimicrobial functionality TiO2@@SiO2 nano-
enhancers. It should be noted that the 30 min sunlight 
treatment with or without nano-enhancers did not generate 
an observable difference in bacterial growth (data not 
shown), suggesting that UV exposure was more effective 
than sunlight exposure. 
The antimicrobial activity of the TiO2 nanoparticles re-
quires UV light. The UV light (or sunlight with UV) was 
turned off after the initial treatment (30 min for UV, 2 h for 
sunlight), and the subsequent microbial growth occurred 
without UV exposure. Hence, the antimicrobial activity of 
the TiO2 nanoparticles was minimized. The cells were al-
lowed to recover and grow, and the “delay” effect is direct-
ly correlated to the damage done to the cells by the initial 
treatments. While applications such as surface coatings can 
benefit from this delay of microbial growth, the nano-
enhancers under study are not envisioned for sterility appli-
cations. As shown in table 1, when the UV exposure was 
extended to 1 and 2 h, the lag phase extended to 8.5 and 
10 h, respectively. It should be noted that without the pres-
ence of nano-enhancers, there was no significant delay of 
microbial growth even with 2 h of UV exposure, as the cell 
count reached the log phase in 4 h. 
The UV exposure time also affected the cell growth rate 
during the log phase when nano-enhancers were present 
(table 1). For 30 min UV exposure, the growth rate (8.74 × 
104 cells h-1) did not differ significantly from control sam-
ples, i.e., without UV and without nano-enhancers (8.68 × 
104 cells h-1). However, when the UV exposure time was 
extended to 1 and 2 h, not only was the lag phase extended 
to 8.5 and 10 h, respectively, but the growth rate declined 
to 6.94 × 104 cells h-1 and 6.06 × 104 cells h-1, respectively, 
suggesting more damage to the cells by longer exposure. 
The cells could not fully recover to assume their normal 
growth rate, even when the log phase was reached. Sunlight 
treatment of 2 h in the presence of nano-enhancers did not 
significantly reduce the growth rate, suggesting that the 
cells were able to recover quite well during the lag phase. 
 
 
(a) WPI sonicated at 160 μm (top) (b) WPI NP sonicated at 160 μm (top) 
(c) WPI sonicated at 160 μm (bottom) (d) WPI NP sonicated at 160 μm (bottom) 
Figure 3. Compound stereo light microscopy of WPI films from both sides: (a and c) WPI film without nanoparticles and sonicated at 160 μm 
(top and bottom sides, respectively); (b and d) WPI film with nanoparticles and sonicated at 160 μm (top and bottom sides, respectively). 
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(a) CZP (b) CZP sonicated at 160 μm 
(c) CZP NP (d) CZP NP sonicated at 160 μm 
(e) WPI sonicated at 160 μm (f) WPI NP sonicated at 160 μm 
Figure 4. Compound light microscopy of CZP and WPI film cross-sections to visualize the effects of sonication and nanoparticle distribution:
(a) CZP film, (b) sonicated CZP film, (c) CZP film with nanoparticles and without sonication, (d) CZP film with nanoparticles and sonication, 
(e) WPI film with sonication without nanoparticles, and (f) WPI film with nanoparticle and sonication. A dark-colored layer of nanoparticles 
can be seen settled at the bottom in WPI. Sonication was at 160 μm amplitude. 
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ANTIMICROBIAL FUNCTIONALITY OF NANO-ENHANCED  
BIOPOLYMER FILMS UNDER SUNLIGHT 
One of the goals of this work was to impart antimicrobi-
al functionality into biopolymer-based coatings and/or 
packaging materials that can be effective in maintaining 
food safety standards. The nano-enhancers were shown to 
be effective under UV irradiation. However, it would be 
more useful if sunlight could be directly used as the UV 
source for disinfection with biopolymer films and coatings. 
To evaluate whether the nano-enhanced biopolymer 
films exhibited good antimicrobial functionality under sun-
light, microbes were cultured under sunlight in the presence 
of CZP films with and without embedded nano-enhancers. 
Cell growth (as absorbance) is shown in figure 7. Clearly, 
without nano-enhancers, the CZP film did not exhibit any 
antimicrobial functionality; the E. coli exhibited typical 
growth by quickly reaching the log phase and stationary 
phase within 4 h. However, the nano-enhanced CZP films 
significantly reduced the microbial growth, which did not 
reach the log phase even after 7 h of incubation under sun-
light. We did not monitor growth beyond 7 h due to the 
(a) CZP (b) CZP-NP sonicated at 160 μm (c) CZP-NP sonicated at 160 μm 
(d) WPI (e) WPI-NP sonicated at 160 μm (f) WPI-NP sonicated at 160 μm 
Figure 5. TEM micrograph (at 200 and 50 nm) cross-sections of CZP and WPI films prepared with and without sonication and nanoparticles. 
Figure 6. Effect of TiO2@@SiO2 nano-enhancer and UV treatment
(UV lamp and sunlight) on growth of model E. coli strain: OD = bac-
teria concentration optical density, and Time = time of UV exposure 
(h). UV irradiation was with a UV lamp with 100 W power output. 
Table 1. Evaluation of antimicrobial functionality of nano-enhancer.
Treatment 
Lag Phase 
(h) 
Growth Rate 
During Log Phase 
(× 104 CFU h-1) 
Control 4.0 8.78 
UV[a] 4.0 8.68 
2 h sunlight 4.0 8.70 
30 min UV + nano-enhancer 8.0 8.74 
60 min UV+ nano-enhancer 8.5 6.94 
90 min UV + nano-enhancer 10.0 6.06 
2 h sunlight + nano-enhancer 6.0 8.61 
[a] 30 min and 2 h UV exposures did not generate statistically significant 
differences in lag phase time. 
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diminishing sunlight intensity. Nonetheless, the effective 
antimicrobial functionality was clearly demonstrated for the 
nano-enhanced CZP films. 
CONCLUSION 
High-power sonication of protein solutions containing 
nano-enhancers improved the uniformity of the nano-
enhancer distribution within the matrices of both WPI and 
CZP films. However, the resulting film morphologies were 
different. For WPI films, sonication at 160 μm resulted in a 
uniform and densely packed nano-enhancer layer at the 
bottom of the protein film layer. The optical properties of 
the WPI films changed from a transparent appearance to 
opaque by the incorporation of nano-enhancers. For CZP 
films, sonication resulted in more uniform incorporation of 
nano-enhancers into the protein network and no settling of 
the nano-enhancers. The incorporation of nano-enhancers 
imparted significant antimicrobial functionality to CZP 
films. The nano-enhanced biopolymer films effectively 
inhibited microbial growth under sunlight. The nano-
enhanced films with antimicrobial functionality can be used 
to create processing surfaces that are microbe-free or hos-
tile toward microbe growth under UV or sunlight, which 
will be a lost-cost way of maintaining hygienic standards 
for food processing in low-income countries. 
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